The Val
Introduction
Catechol-O-methyltransferase (COMT) metabolizes catecholamines (Männisto and Kaakkola, 1999) . The human COMT gene contains a polymorphism (Val 158 Met) that influences enzyme activity ex vivo, the wild-type Val 158 having threeto fourfold greater activity than Met 158 (Lachman et al., 1996) . The Met 158 allele has been linked with better performance and efficiency on prefrontal cortex (PFC)-dependent tasks such as the Wisconsin card sorting task (WCST) (Egan et al., 2001) . The link between COMT and PFC function may extend to schizophrenia, which is associated with a COMT haplotype that includes the Val 158 Met polymorphism (Shifman et al., 2002) , and possibly with the Val 158 allele itself (Egan et al., 2001) . COMT may play a particular role in regulating PFC dopamine (DA), given the sparsity of cortical DA transporters compared with the striatum (Sesack et al., 1998; Egan et al., 2001) .
Other species lack an equivalent polymorphism, and the activity of rat COMT resembles the human Val 158 form (Lachman et al., 1996) . Given the link between the low-activity Met 158 allele and better PFC performance, it is of interest to determine whether reducing COMT activity in rats has similar effects. Tolcapone, a selective, brain-penetrant COMT inhibitor (Zürcher et al., 1990; Ceravolo et al., 2002) , provides a pharmacological way to achieve this goal. Indeed, preliminary data suggest that tolcapone improves memory performance (Gaspirini et al., 1997; Khromova et al., 1997 , Liljequist et al., 1997 . These data are inconclusive, however, and there has been no evaluation of the effects of tolcapone on PFC catecholamines or in rodent tasks more formally similar to those used to assess human PFC function (e.g., WCST). Recently, a paradigm has been developed that assesses extra-dimensional (ED) set shifting, a cardinal feature of the WCST (Roberts et al., 1988) , in rats (Birrell and Brown, 2000) . It evaluates an animal's ability to shift attention from one dimension of a complex perceptual stimulus to another [e.g., odor to texture; an ED shift (EDS)] as well as evaluating discrimination learning, set formation, and reversal learning.
ED shifting is dependent on the PFC in primates (Dias et al., 1996b) and humans (Nagahama et al., 2001; Manes et al., 2002) and the medial PFC (mPFC) in rats (Birrell and Brown, 2000) . Like other PFC-mediated functions, ED shifting is modulated by DA (Roberts et al., 1994; Rogers et al., 1999; Crofts et al., 2001 ). There is an inverted U-shaped relationship between DA and PFC performance, the latter being impaired by either blockade (Williams and Goldman-Rakic, 1995; Ragozzino, 2002) or overstimulation (Zahrt et al., 1997) of DA D1 receptors. ED shifting may also be impaired in states of DA depletion (Downes et al., 1989) (but see Roberts et al., 1994) . Overall, these data suggest that the beneficial effect of lower COMT activity on PFC performance (whether genetic or pharmacologically induced) is caused by enhanced DA availability. To help clarify this issue, we have studied the effects of COMT inhibition on set shifting and on mPFC catecholamines at baseline and under conditions of increased efflux as would be expected during performance of an mPFCdependent task (Watanabe et al., 1997; Wilkinson et al., 1998) .
Materials and Methods
Animals and drugs. Male Sprague Dawley rats (220 gm for behavioral testing, 270 -300 gm for microdialysis; Harlan-Olac, Bicester, UK) were housed in groups of four (behavioral testing) or six (microdialysis). Experiments were conducted during the light phase of a 12 hr light/dark cycle. Rats used for behavioral testing were maintained on a restricted diet (90% free-feeding weight) with water available ad libitum in the home cage. Microdialysis rats were given food and water ad libitum. All experiments were conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 and associated Home Office Guidelines.
Tolcapone, a COMT inhibitor with no effect on other enzymes involved in synthesis or catabolism of the amines (Zürcher et al., 1990) , was suspended in 0.9% saline with a few drops of Tween 80 and administered intraperitoneally at a dose of 30 mg/kg. This dose significantly inhibits COMT (Acquas et al., 1992) . Clozapine (Sigma, Poole, UK) was dissolved in glacial acetic acid and administered subcutaneously in 0.9% saline containing 5% glucose (w/v, pH 6) at a dose of 10 mg/kg. Attentional set-shifting task. Behavioral testing was performed according to Birrell and Brown (2000) with minor modifications. Briefly, the testing apparatus consisted of a home cage with one end divided into two equal sections forming two choice chambers to which access could be blocked via removable doors. Rats were habituated to the apparatus and then trained to dig for a food reward (one-fourth Honey Nut Loop, Kellogg, Manchester, UK) in ceramic bowls, which were located centrally in the choice chambers, containing an inaccessible reward in the base to act as an odor mask. Once habituated, rats performed two simple discriminations based on odor (lemon vs lavender sawdust) and digging medium (pebbles vs sand) to a criterion of six consecutive correct trials. On the following day, rats were administered either tolcapone (30 mg/ kg) or vehicle and replaced in their home cage. After 1 hr they were tested to a criterion of six consecutive correct trials on a series of discriminations in the following order: simple discrimination, compound discrimination, reversal, intradimensional shift, reversal, EDS, and reversal. On each trial the stimuli differed in both the relevant and irrelevant dimensions. Incorrect choices resulted in no food reward. Rats took an average of 3 hr 36 min to complete the task (COMT inhibition levels remain high for 8 hr after tolcapone administration) (Acquas et al., 1992) , and the average intertrial interval was 1 min 6 sec. The exemplars used were piloted for discriminability, and an example set of discriminations is given in Table 1 . Drug and vehicle groups were counterbalanced for the rewarded stimulus, the shift pattern (odor to medium or medium to odor), performance on habituation day simple discriminations, and whether the animal was tested in the morning or afternoon. The experimenter was blind as to whether animals had received drug or vehicle.
Microdialysis. Guide cannulas were stereotactically implanted above mPFC under halothane anesthesia. After surgery rats were housed in pairs in recovery cages. After a 5-7 d recovery period, concentric microdialysis probes (4 mm tip length) were implanted into mPFC under light halothane anesthesia [ϩ3.2 mm rostrocaudal, ϩ0.7 mm mediolateral from bregma, Ϫ5.8 mm dorsoventral from dura surface) (Paxinos and Watson, 1986) ]. The probes were secured with dental cement and connected to a perfusion pump (CMA/100, CMA Microdialysis, Sunderland, UK) via a liquid swivel system (CMA/120 system for freely moving animals; CMA Microdialysis). Animals were placed in hemispherical Perspex bowls to recover, and the probe was perfused continuously with artificial CSF at a rate of 2 l/min. Perfusate samples were collected every 20 min until a stable baseline of at least three samples was achieved (typically 2-3 hr after probe implantation), at which point the tolcapone or vehicle was administered and dialysates were collected for an additional 4 hr. In separate experiments, tolcapone was administered 2 hr before challenge with either systemic clozapine (10 mg/kg) or local perfusion of the dialysis probe with potassium chloride (56 mM) for 20 min to investigate their effect on evoked catecholamine release. Each drug treatment group contained six to eight animals. Data analysis. The number of trials and errors to criterion for each discrimination during the behavioral task were analyzed using two-way repeated measures ANOVA with simple main effects post hoc tests. Analysis of both data sets gave essentially the same results, so only the trials to criterion data are presented.
Microdialysis data are expressed as a percentage of the baseline value, calculated as the mean amount of catecholamine or metabolite in the last three samples preceding the drug challenge. The effect of drug challenge was analyzed within groups using one-way ANOVA with repeated measures. Between groups analysis was performed using two-way ANOVA with repeated measures and least significant difference (LSD) post hoc comparisons.
Results

Effect of COMT inhibition on set shifting
Animals treated with 30 mg/kg tolcapone performed significantly better on the EDS than controls (Fig. 1) . There was an effect of drug group (F (1,12) ϭ 5.7; p Ͻ 0.05) and a significant interaction between drug group and discrimination (F (5,60) ϭ 3.1; p Ͻ 0.05). This interaction was attributable entirely to a significant improvement on the EDS in the tolcapone group (F (1,72) ϭ 15.3; p Ͻ 0.001). There were no group differences on any of the other discriminations (F values Ͻ1.8) (Fig. 1) , including the final reversal stage (t test; p Ͼ 0.1), which was omitted from the ANOVA because four animals (three vehicle treated, one tolcapone treated) failed to complete it. There was an effect of discrimination (F (5,60) ϭ 38.2; p Ͻ 0.0001); however, there was no effect of counterbalance on performance (F (3,12) ϭ 2.0; p Ͼ 0.1), nor were any of the other interactions significant (F values Ͻ1.8). (Fig. 2 D) .
Effect of COMT inhibition on mPFC catecholamines under conditions of evoked catecholamine release
Administration of 10 mg/kg clozapine alone elevated [DA] EX at trend level (LSD; p Ͻ 0.1) (Fig. 2 A, C) and elevated [NE] EX (LSD; p Ͻ 0.05) (Fig. 2 B, D) . Pretreatment with 30 mg/kg tolcapone significantly potentiated the increase in [DA] EX (LSD; p Ͻ 0.01 compared with clozapine alone and p Ͻ 0.0001 compared with control group) (Fig. 2 A, C) but not [NE] EX (LSD; p Ͼ 0.1 compared with clozapine alone) (Fig. 2 B, D) . Overall, there was a significant effect of drug treatment on [DA] EX (F (2,17) ϭ 15.1; p Ͻ 0.0001) (Fig. 2 A, C) and a trend effect on [NE] EX (F (2,17) ϭ 3.5; p Ͻ 0.1) (Fig. 2 B, D) . Local depolarization with potassium chloride (56 mM) elevated both [DA] EX (F (1,6) ϭ 5.7; p Ͻ 0.01) (Fig. 2 E) and [NE] EX (F (1,6) ϭ 11.8; p Ͻ 0.001) (Fig. 2 F) . Tolcapone pretreatment potentiated this elevation of [DA] EX (F (1,12) ϭ 7.4; p Ͻ 0.05) (Fig.  2 E) but not [NE] EX (F Ͻ1) (Fig. 2 F) .
Discussion
We have demonstrated that inhibition of COMT significantly and specifically improves performance on ED shifting, which is known to be mediated by catecholamines (Downes et al., 1989; Roberts et al., 1994; Middleton et al., 1999; Rogers et al., 1999; Ragozzino, 2002; Crofts et al., 2001) and to depend on the mPFC in rats (Birrell and Brown, 2000; Reid et al., 2003) and the PFC in primates (Dias et al., 1996a,b; Rogers et al., 2000; Manes et al., 2002) . We also demonstrated a potential neurochemical mechanism for this effect, showing that COMT inhibition elevates [DA] EX , but not [NE] EX , in mPFC under conditions of evoked catecholamine release. Hence our data show that COMT activity modulates set shifting and that this modulation is likely to be dependent on DA in mPFC, although other cortical and subcortical regions (e.g., nucleus accumbens) may participate as well (Fox et al., 2003) .
The improvement in ED shifting ability after COMT inhibition is reminiscent of human data in which the low-activity Met 158 COMT allele is linked with better performance and greater "efficiency" on comparable tests of PFC function (Egan et al., 2001) . Acute COMT inhibition is clearly not a perfect model of the human Val 158 Met polymorphism, which may well be of a different magnitude and presumably affects COMT activity throughout life. The similarity, however, between our data and those linking the human polymorphism with behavior suggests that tolcapone administration is at least a partial simulation of COMT activity differences caused by the human polymorphism. Furthermore, our findings support the conclusion that the behavioral correlates of the Val 158 Met polymorphism are indeed caused by genetic variation in COMT and not by alterations at a separate genetic locus in linkage disequilibrium with the polymorphism.
The data show that COMT is important for modulating mPFC DA under stimulated but not basal conditions. This suggests strongly that COMT activity may be important specifically under conditions of increased catecholamine efflux, as would reasonably be expected during task performance (Watanabe et al., 1997; Wilkinson et al., 1998) . These data parallel findings in striatum, in which tolcapone pretreatment has been found to elevate [DA] EX, but only after a pharmacological challenge (Acquas et al., 1992) . It is also interesting that tolcapone pretreatment modulates [DA] EX but not [NE] EX , because COMT has similar affinities for both substrates (Lotta et al., 1995) . Although puzzling, there are precedents for this differential effect. The data are reminiscent of those obtained in the COMT knock-out mouse, in which the males show elevated frontal DA but not NE (Gogos et al., 1998) and after depletion of the catecholamine precursor tyrosine, which interferes with central DA but not NE function (McTavish et al., 1999) . This sensitivity of DA but not NE to COMT inhibition is unexplained. It may relate to a differential accessibility of DA and NE to COMT, but this remains speculative until the cellular and subcellular location of the enzyme (both membrane-bound and soluble forms) is resolved (Ulmanen et al., 1997; Matsumoto et al., 2003) .
A final implication of our data relates to the treatment of schizophrenia. It has been suggested that the putative amelioration of cognitive symptoms by atypical antipsychotics such as clozapine and olanzapine may be related to activation of DA neurons and increased release of DA in the mPFC (Moghaddam and Bunney, 1990; Meltzer and McGurk, 1999) . If so, our finding that tolcapone augments the clozapine-induced increase in mPFC DA release suggests that these therapeutic effects may be modified by coadministration with a brain-penetrant COMT inhibitor. This could either be used to enhance the increase in cortical DA, toward the peak of the hypothesized inverted U-shaped relationship with PFC performance , or permit a lower dose of clozapine to be used. The combined effect of clozapine and tolcapone on set shifting cannot be determined from the results of this study. Recent evidence, however, supports the view that COMT activity, as reflected in the Val 158 Met genotype, may indeed predict cognitive and PFC response to atypical antipsychotics (Bertolino et al., 2003) .
In conclusion, we have demonstrated improvement of ED shifting in rats treated with a COMT inhibitor. Additionally, we have shown that COMT affects mPFC DA, but not NE, under conditions that likely pertain during task performance. These studies emphasize the role of COMT in DA modulation of PFC function. Finally, our data also suggest potential benefits of COMT inhibition as an adjunct in the treatment of cognitive impairment in schizophrenia.
